The absence of photobleaching, blinking, and saturation combined with a high contrast provides unique advantages of higher-harmonic generating nanoparticles over fluorescent probes, allowing for prolonged correlation spectroscopy studies. We apply the coherent intensity fluctuation model to study the mobility of second harmonic generating nanoparticles. A concise protocol is presented for quantifying the diffusion coefficient from a single spectroscopy measurement without the need for separate point-spread-function calibrations. The technique's applicability is illustrated on nominally 56 nm LiNbO 3 nanoparticles. We perform label-free raster image correlation spectroscopy imaging in aqueous suspension and spatiotemporal image correlation spectroscopy in A549 human lung carcinoma cells. In good agreement with the expected theoretical result, the measured diffusion coefficient in water at room temperature is (7.5 ± 0.3) µm 2 /s. The diffusion coefficient in the cells is more than 10 3 times lower, and heterogeneous, with an average of (3.7 ± 1.5) x 10 −3 µm 2 /s.
Fluorescence Correlation Spectroscopy (FCS) has been successfully applied to numerous systems since its first introduction several decades ago. 1, 2 In particular, FCS has been used to study the molecular translational and rotational diffusion properties in solutions and in living cells. [3] [4] [5] [6] [7] In FCS, quantitative information about the dynamics is derived from the temporal fluorescence intensity fluctuations produced by the random movement of fluorophores into and out of the diffraction limited volume of a focused illumination beam.
Many variations on this principle exist. Scanning FCS (sFCS) allows measuring slower diffusion rates while reducing photobleaching. [8] [9] [10] FCS in combination with two-photon excitation was developed to measure protein aggregation 11 and to probe the mobility of beads in the intracellular transport. 12 In Image Correlation Spectroscopy (ICS), fluctuations in 2D or 3D space are analyzed to quantify the aggregation and the average number of stationary or slowly moving fluorescently labeled structures. 13, 14 Both spatial and temporal intensity information can be combined in Raster ICS (RICS) [15] [16] [17] and in spatiotemporal ICS (STICS). [18] [19] [20] [21] RICS is a variation on sFCS in which the speed of the moving excitation volume in a laser scanning microscope (LSM) is explicitly used to resolve shorter timescale dynamics than covered by STICS. STICS analyzes the spatial and temporal lags in a series of images collected with short acquisition times. This technique not only allows the measurement of the diffusion coefficient but also mapping flow velocities in a wide dynamic range.
However, fluorescence-based methods carry several disadvantages. Long-term studies of both slow and fast processes are impeded, as fluorophores are sensitive to photobleaching, blinking and saturation. [22] [23] [24] [25] In addition, autofluorescence of the environment, which is in particular problematic for imaging in cells and tissues, 26 further complicates the use of fluorescent probes.
These drawbacks are not, or at least a lot less, present in Second Harmonic Generation (SHG) imaging. SHG is a nonlinear scattering process, produced in the bulk of non-centrosymmetric crystal structure materials, such as BaTiO 3 , LiNbO 3 , ZnO and BiFeO 3 . 22, 27, 28 The second harmonic signal is extremely stable and strong, 22 providing a high contrast in samples that are not SHG active. 29 Harmonic nanoparticles (HNPs), i.e. higher-harmonic generating nanoparticles (NPs), are therefore ideal for long-term dynamics studies in complex biological specimens. 22, [30] [31] [32] [33] Not only can HNPs be employed as optically superior labels, investigating interactions between NPs and human cells is in itself important for e.g. nanomaterial safety studies. 19, 27 The coherent nature of SHG requires a different model for analyzing the observed intensity fluctuations. Geissbuehler et al. presented the FCS variant with HNPs circulating through a flow cell, which they termed nonlinear correlation spectroscopy, and derived the corresponding equations for interpreting the data. 23 This model was later extended to a general coherent intensity fluctuation model (cIFM). 34 cIFM comprises a set of formulas describing the intensity correlation between any two points in space and time assuming free diffusion of the particles, with or without flow superimposed. Using for each technique the appropriate substitution, cIFM can be employed for the coherent counterparts of fluorescence-based correlation spectroscopies FCS, TICS, RICS, and STICS, which were named coherence Correlation Spectroscopy (cCS), cTICS, cRICS, and cSTICS, respectively.
The prefix 'c', pronounced as 'coh', stresses the coherent aspect of the scattering process.
Here, we verify cIFM by performing cRICS measurements on SHG active LiNbO 3 and BaTiO 3 HNPs suspended in water and in a water-glycerol mixture. We present a concise protocol for extracting the diffusion coefficient from a single measurement without the need for separate point-spread-function (PSF) calibrations. cSTICS is demonstrated in live adenocarcinomic human alveolar basal epithelial cells (A549 cell line) to illustrate the potential of dynamic SHG correlation spectroscopy measurements in living cells with biocompatible 35 HNPs. Quantitative characterization of the mobility of HNPs within living cells and cell organelles allows gaining insight into the complexity of nanoparticle transport. 32, 36 Typically observed cRICS (56 nm LiNbO 3 nanoparticles) and fluorescence RICS (100 nm beads) frames for comparison are depicted in Fig. 1 ACF is affected by both system and sample related parameters. The first class comprises the lateral and axial radius of the PSF, ω 0 and z 0 , respectively, and the Gouy phase shift per unit length κ q which is present in a focused laser beam. 37 The system parameters must be known prior to the analysis of extracting the sample information. The sample related parameters are the concentration c , diffusion coefficient D and directed flow velocity of the particles v. In the experimental ACF shown in Fig. 1 , the central line G(ξ, ψ = 0) protrudes above the rest of the curve, with no effect of the selected scan speed, as indicated in Fig. S3 . As a control to exclude sample and system related artifacts, we measured the same sample with a different setup (Fig. S4) , and different samples (50 nm BaTiO 3 HNPs and 100 nm fluorescent microspheres) with the same setup ( Fig. S5-S6 ). An additional control experiment was performed with immobilized LiNbO 3 HNPs ( The coherent nature of the SHG process affects the shape of the cRICS ACF compared to the fluorescence RICS ACF. The lengthy cRICS ACF, 34 which was used to fit the data, can be written in a compact form as
in which all terms in the numerator are functions of the system parameters ω 0 , z 0 and κ q and the sample parameters c and D. G N is a normalization factor. The sum (A7 + B9 + C7)/G N is equal to the fluorescence expression. The contribution of the other terms to G increases with increasing particle concentration. Consequently, when using the fluorescence expression to fit the ψ = 0 line, a significantly higher value of (865 ± 4) nm is found for ω 0 . This result indicates the importance of using the cIFM for SHG active specimens.
The lateral size of the PSF derived from the central line of the ACF can be employed to calculate the diffusion coefficient from the ψ = 0 lines. Since the rotational diffusion time is short with respect to the line scan time, the ψ = 0 lines are not influenced by rotational diffusion. Fixing all parameters, except c and D, yields a diffusion coefficient of (7.5 ± 0.3) µm 2 /s, averaged over four measurements. This result corresponds to the value predicted by the Stokes-Einstein equation, which is (8 ± 2) µm 2 /s for particles with a diameter between 45.5 nm and 65.5 nm suspended in water at room temperature (viscosity 1.002 mPa.s 41 ). The quality of the fit is illustrated by the fit residuals of Fig. 3 . A schematic summary of the data analysis protocol is presented in Fig. S9 .
A diffusion coefficient of (12 ± 4) µm 2 /s is found upon analysis of the same data sets with the fluorescence expression and by fixing ω 0 at 672 nm. In addition to substantially overestimating D, the non-random structure of the fit residuals, shown in the central panel of Fig. 3 , clearly demonstrates the undesirable quality of this fit result.
The fluorescence model may, however, be used to examine SHG data if ω 0 is first calculated from the ψ = 0 line by means of the fluorescence expression. Even though this method yields a value of ω 0 = (865 ± 4) nm, which does not correspond to the real PSF size, the fitted diffusion coefficient, (7.6 ± 0.6) µm 2 /s, closely matches the result obtained from the cIFM. Furthermore, the quality of the fit is, as illustrated in the right panel of Fig. 3 , comparable to the SHG analysis.
One of the main advantages of using SHG active materials for mobility studies is the absence of photobleaching, as illustrated by Fig. S2 . Consequently, cSTICS enables long-term mapping of the diffusion coefficient in cells, tissues, and living organisms. To check the HNP uptake by the cells, we imaged cells that had been exposed to the LiNbO 3
HNPs for 24 h, see Fig. S11 . The z-stack in the last panel of Fig. S11 shows that the HNPs are really present inside the cell. A cSTICS example is presented in Fig. 4 and Table 1 .
We analyzed 3 regions inside the cell, which revealed a non-homogeneous diffusion coefficient. The ACF for region 1 is plotted in The small diffusion coefficient in comparison to the cRICS result cannot only be explained by clustering of the particles during the 24 hours exposure time, since the cluster diameter would theoretically need to be about 1000 times larger than an individual particle.
Instead, the movement of most HNPs must be confined to cellular organelles and the measured diffusion coefficients reflect the mobility of these organelles. The diffusion coefficients we measured are in close proximity to the values found with conventional STICS. 21 We Furthermore, high levels of radiation will damage a biological cell. However, it may not be necessary to increase the illumination power. Kim et al. were able to detect the second harmonic signal generated by a single 22 nm BaTiO 3 HNP, indicating their potential as biomarkers. 44 Depending on the properties of the sample, one might explore whether time gating can improve the signal-to-noise ratio. 45 In a more elaborate approach that might be applicable to some cases, the SHG intensity may be enhanced by a factor of more than 500 by using plasmonic core-shell nanocavities , i.e. SHG nanocrystals surrounded by a metal shell. 46 Our findings to employ these HNPs for autocorrelation spectroscopy studies will aid specific applications for long-term, deep tissue and organoid imaging, tissue engineering, chronic wound-healing, and environmental HNPs exposure studies. 
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Supporting Information Available
• Slenders_et_al_SI.pdf: this document contains a detailed 'materials and methods' section, additional figures, the autocorrelation sorting protocol and a table with the instrumental settings used in the cRICS measurements. Table 1 for the measured diffusion coefficients of the different regions. Scale bar 10 µm.
